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v .
;( - ¢ gpeed of sound in water . A °
] "v g scceleration due to gravity
Y L a convenient linear dimension
! ™ mass per unit area of a plate
a diatance from a surface along its norwsl
: P Drossure . .
; p, breaking-pressure, gt which cavitation occurs
P, cavity pressure or pressure in cavitated regiom
p, hydrosiatic prescure
' P, p* pressure in incident and reflected wava-truins, respectively
. : p, 5ee Equation [12] on page V2
- q see Squation [16) on page 13
N v particle velocity AR
W ¥, ¥, ¥, Cartealan components of ¢
T v, particle velocity just ahead of a breaking-fromt, reckoned as L e
c positive avay froam the front ) EEEUATRAN
v,, Somponent of v, normal to the boundary VTR
) v, particle velocity in a cavitated regiom, reckonsd as positlive T
tovard a breaking-front but avay from other bowndaries L B SRR
> . . M A .‘n “-“‘.‘
. v, conponent of v, normal to the houndary ‘:,“"-_'._.:\.:,,.-:
Peos Ve ¥y CATEBLEN COMpONENts of w, : e
V, velocity of propagation of a bresking-fromt 3 AR
, V, velocity of propagation of s closing-front b Sancansl "“Q st
1, y. ¢ cartesisn coordinates SRR
o ses Equation ]12) 1 B NCORNEN
y fraction of space fres of water 18 a cavitated region -‘:::f",f.- TeseTen
» Qunsity of watsr . PRI ANEN
PRt ,'.’;'.: .
‘ . bﬁ?‘:r ?;wi"l\:-wq“-u
: : :;. q .‘,j : \‘.“c.: “,‘:‘.
% V. “;, A :Q‘ :.‘s“:":
e \".“~“‘b.“.‘
" " . - 1 - et WY
N - o N R
“a . . L [ . *
"_‘A‘ r "- g il" ':"‘ » ‘.“‘ e -
:T\: ) ‘:: . . k‘:A ‘: :‘{:}': :..
* 2 » X ",‘ :n?;:‘:h:*..-
7 ‘LTT“‘."“'."‘} T
-'.0 " .‘:‘“: 0:‘0‘ :’-'...“.
. : R
. ) ST
';' . ‘." “° . -0 '.'
* . o.:\ .:'\.".‘ o't
2> e 3 s RN “',.-' S
. - L P L LY o, o ~-~ * dﬁ\.s:‘ .‘cl




.

o4

PR P sl

EXPLOSIVE 10AD ON UNDERWATER STRUCTURES
AS MODIPIED BY BULK® CAVITATION

ABSTRACT \f
Whereas cavitation 13 most commonly observed at the interfacs be- NS
tween water and a solid surface, there are indications that it may also oceur ) . .
‘ in the midst of a mass ef water. Such cavitation may modify the sction of
. explosive pressure waves upon structures. Thia 13 possidle vherever reflec-
' tion of the wave gives rise -to tension in the water. 4p extension of hydro-
dynamical theory to cover such casea i3 described in this report.

It 1s shown that cavitated regions should be forwed through the
propagation of breaking-fronts moving at supersonic velozity, The cavitation
should usually take the form of small bubbles continuously distributed, rath-
er than of large volds. Subsequently the cavitation will de destroyed as the

, boundary of the cavitated reglon contracts and £ots as a closing-front. The
relevant sathematical forsulas are cited.

Similitude relations are discussed, and the theory is applied to a
plane wave falling normally upon a plata, and to the explamation of the dome .
thot 1s formed over large charges exploded in the sea. \ '

o

v

INTRODUCTION : !
. The study of the beliavior of ship structures when loaded by an un-

dervater explosion is 3 major project at tha David V. Taylor Nodel Basin, .
0cod prog ese has besn made toward an underatanding of the pressurs feld .
tn cpen water, #ith all doundarles well removed, and te this extent the ﬁ.
groundwork has been lald for Jefining lead. Ymportant gaps stil) exist in "
. this ne of tnlormatlon, however, ‘The energy dalance is still incomplete, Lt S

$0 that 1t is not yet possidle to say uhat fraction of the sxplosive energy o e
15 made availoble in the first cycle of pulsation of the gas glode. It i, e
therefore, still lspossible to evaluate the effect of the dlsplacement of 1.
the pas glode which may put 133 center at a point nearer the target ot the
end of the {irst cycle than at 1t deglnning. Questions of this sort have ,
led others also to contlude that scund fundamentsl data are still sost :
neceasary (1).%¢ ) }
Questions relating to the propeities of the target, as dlstinguished i
) fiom the load which the explosion puts on the target, are set aside for sepas )
rate considoration. It may Ge assused that in this report the 163d is treated

..

LY
v
LN JE N

i

v
.. . .

- {
!

A AR

e et
Lty P, .

* hle Lave o raUws aewg 1L sLil B Selinnd sad 1ocussed Lo D riguirt.
3% malars 1o pureatiuses indlcete reletvaces wa page 24 of \Als vepart. RO

o

LR
« v o« @ >

. B . - Ceam e . wewes e N d
s e

2] ¢ -
,_’.l'o'n.n,

e - 1
LRI
v - e




R A U E TP

A L L]

2

in terms of a target of arbitrarily assuned properties, such as might serve
to measure directly the pressure in the water,

The behavior of an accustical wave incident on a solid or free

boundary in water is rather fully understood; and the shock wave radiated
from an explosion in water partakes in large degree of the nature of an
acoustical wave. Even in such waves, however, the continuit: .{ the medium
is believed to te broken at times by tensile effects to whicn the water re-
sponds by cavitation. In the shock wave, where pressures are a whole order
higher than in an acoustical wave, cavitation naturally has that much xmove
significance. Among the problems which must be solved before interactions
betwoen field and target can ba subjected to study by calculation, that of
cavitation must rank high in isportance.

RYDRODYNAMICAL THEORY OF CAVITATION IN BULK

In practical experience cavitation usually originstes Latween water
and a solid surface, such s a propeller bdlade.

however, that it may also ocour In the midet of a mass of water, a3 for ex=-

ample when explosive pressure waves are reflected from the surface of the sea,

To deteraine the offect of such cavitation upon the motion of the water, a
ocertaln extenslen of hydrodynamical theory is required.

In the preaent report the necessary extension of the theory will de
deacribed, but tho completes mathematical details will be pudblished elasvhere

{2). ‘The theory 1a based upon certain simple sssumptions, which are laid
dovn without entering upon the complicated question as to the nature of the

cavitation process itself. Two applications of the theory will be discusaed,
dealing respectively with the inpact of 8 pressurs vave upon a plate, page 10,

and upon the surfate of the sea, page \9,

{a)

{v)

{e)

The following assusptions will be made:

cavitition ocours wherever the pressure in the water sinks
to a fized value p . called the breaking-pressnre;

A
upon the oceurrence of cavitation, the pressure instantly
beccioes equal to a fixed value 3, called the cavity pres-
sure, whith cannot be Jess than p,, 30 that

2.3, n)

when the preasurs rises abowe p,, the cavitation disappears
instantly.

How far these assuspticnd corresgond to the actusl behavior of wa-

ter 13 not yet knoun. The value to be assigned to p, 19 dizcutsed briefly
ah page V7. The cavitation will undoudtedly take tii2 form of small bubddbles

There are some indications,

PRI




scatterad through the water. Such bubbles have often been cbserved, but in.;"
many cases they seem to contain alr in addition to water vapor, and they do-
not always disappear when the pressure ia raised. All sush complications
will be ignored here, however, in order to obtain a tractadle amalytical the-
ory.. The bubbles may be supposed to be so small that the resulting inhomo-
genelty of the mater may de neglected; and p, may be supposed to equal the
vapor presswe of the water.
The discussion will be limited to wmotion that is irrotational or

. free from vortices, motion such as can be produced by the sction of pressure ‘
upon frictionless liquid. Furthermwore, sl) varistions of pressure will be .
assumed to be small enough so that the usual theory of sound waves is applie !
cable to the unbroken water; but no limit noed be set upon the magnicude of

<

. e

1ts particle velooity. e
BREAKING-FRONTS e e
Cavitation will begin, according to the sssuzptions Just made, in 2 . . B
a reglon where the preasure 13 falling, and at a point of ninimum pressure, }:.';af“_
at the instant at which the pressure sinks to p,. A cavity will form and i{‘::;-}j j:j-j.'ab X
this cavity, for reasons lying cutside the assumptions of the analytical the- ::_C;: RN *::; N
ory, %111 at cnce become subdivided into bubbles. Since, however, the press ettt
sure will be alnking in the neighdoring sater slso, the same process will i“‘"‘"‘"‘.“‘“""-
300n occur at neighdering points as well, *““‘“‘“’“’“
Thus o cavitated region will form, sur. RREBEIN
rounding the point of inltlation, The e T
boundary of this reglon will sweep out N N
9

into the unbroken sater a3 3 dbroaking-
front, Flgure 1, Since the pressure

geadient at the initisl polnt of minte
i pregsure 18 terw, the velooity =2
advance of the bdreaking-rront 1¢ seen

to de inflnite at first, Just as, when Plgure 1 - In n"’m‘“'%uma“““
3 rounded dowl 18 lowered 1nto vater, Froat, shere 's,é nwtmng , S
the boundary of the wetted regioh moves 2 tantat 20
sut at first at infintte speed. MNence .
cavitation ceeurs alwost simuitanecusly throughout a csnsideradle volupe, pe- R \-,{a: v
_ sulting in a Calrly wik{orm distribution of bubdles; there 13 no reassn to L e
B capect e immedlate formaticn of a large cavily anywirere, . , f_ . K ;,’
The speed cof propagation of the breaking-fient relative to the wa- ..o '
ter ahesd of AL, ¥,, can te shown hever to SInk delow the speed of found, e. R
. Usually V, 1s grester thon c. This acans that no Influence can de propagated . JRFEN
\.““:‘."*‘.'"_-““:v
: .‘~~ ‘.S‘f‘:;;
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past a breaking-front into the region ahead of it., The production of the
cavitated reglon is thus a consequence solely of processes occurring in the
unbroken wvater or on its boundaries, as a result of which the pressure in
successive portions 1s lawered to the breaking-pressure; the front is mirely
a particular aurface of constant pressure advancing in accordance xith the
ordinary equations of wave propagation. Its speed of advance 1s fourd to
be {2)

2 O3 9y 8 12} .

where Sp/dw denotes the normal pressure gradient or the rate of increase of
the pressure along a normal to the front drawn into the unbroken water, and
®,. ¥, ¥, 3r¢ compcnents of the particle velocity taken in the directions
of cartesian axes In order that the pressure may aink 23 tie frant ap=
proaches, the na  ator in Equation {2) must be positive,

If p, 13 lesa than p,, thers 13 3 discontinuity of pressure at the
treaking-front, 30 that the pressure is p, ahead of it and p, dedhind it.
Thus, while the front 1a traversing an element of water, the element is
kicked forvard by the excess of prezsure acting on its rear face, If ¢, 1o
the particle velocity just anead of the front, and Af e, 13 the ccrpoment of
this velocity in a dircetion perpendicular to the froat or to the boundary of
the cavitated region, taken positive toward the undreken water, and If ¢, aMd
v, denote corresponding quantities in the cavitated reglon Just behied the
froat, theh the amalysis (2) indicates that

L/ (%9 * !‘;‘%;& {’l

Semponents of velocity parallel to the doundary are, however, left urnaltersd.
fhus, if p, = p,, the particle velodity 18 left entirely unallered By the
passage of the breakingefront, but 1f p, 18 Yess than p, Lhere 18 & discons
tinuity 1n 1ts ecompenent perperdicular to the (vont.

THE CAVITATED WE10W

Condilions within the regloh of cavitaticn must be comparatively
sitple.  Sione there A3 no pressure gradient, and the pressure 1s wniforaly
equal to p,, the particle veloclity sust be constint In Lioe, retalning the
value at whith 1t mas left by the passage of the dreaking«front.

It », * »,. the particle velocity, belng usaliered ty the passage
of the breaking-front, retains Its expanding chatacter. In this caze, ut-
cording to our assutptions, the fractica g of the space that 13 cecupled by
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bubbles increases steadily from an initial value of zero. If p, is less than
P., houwever, a certain volume of space is [reed at once by cospression of the
water 33 {ts pressure rises from p, to p,. The general formula for g at any

point 1n the cavitated reglon at time ¢ is {2}

2= h_,& 1- W] I(a’" +_.n. +ZT8a )

vhere ¢, ia the time at vhich cavitation occurred at this particular point
and v,,, v, aMd v, are the components of the particle velvclty v, in the
directions of the x, y, and s axes. /7parently, if p, is lesa than p,, » my
either increass or decrease, o neithar, after the breaking«froni has passed,

THE CAVITATION DOQUNDARY

¥hen the boundary of the cavitated region, sdvancing as a bdreaking-
front, arrives at a point beyond which V, as glven by Zyuation [2] would bde
less than the spaed of sound, ¢, the analysis showa that it must halt 3brupt-
1y, This may be regarded as happening elther deciuae. the 11Guid ahead of the
front 1s not expanding with sufficlent vepidity, that s, the numerstor in
Equation [2) 13 too 3mall, or decauss an excessive preisure gradient has deen
encountersd, that 15, the denominator 1 00 large. The boundary may then 4o
elther of twd things. Which 1t wil) 40 i3 found to depend In part upon the
particle velocity in the nelghdoring cavitated reglon, dut in larger degres
uwpon conditiony in the adjacent undroken liguld,

One alternative 18 that the boundiry way 3tand atil) as a sletisesry
boundery, a8 shuwn In Plgure 2, where any vaves of prodsure that may bds inel.
dent wpoh 1t from the unbroken side are reflected as 1P from a (ree surface.
This sust otour shenover the Lneldent waves are very weik,

' the other altersative 13 that destrustion of the cavitation way Se-
gin, that 1s, the boundapy sy recede tovard the cavitated reglion, leaving
the liquid unbroken agaln belind 1%,  Sush a2 boundary say be called & elosing-
Front. Jpparently it cay be of either of two dis-

l‘m‘ ‘m‘. e,

CLOSING-FRONTS _
Closing of the cavitation may result frow

8 contracting moticn i the cavitated reglon itself,

shen the dlatribution of the vilues of », at differd

ent points are suth that the Subbles tend to dicrerss

In siee, this can happen, however, only if p, 18 Plgure 2 « A Statlonary
less than p,; for, a9 slready fematied, 1Ty, = p, Bovndary

L3
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the water retains the expanding motion which brought about the cavitatioe.
If contraction of the bubbles occurs near a part of the boundary at which
n = 0, this part of ths boundary will advance into the cavitated region as

a closing-front. A cloaing-front of this type may be called an intrinsic @

one; the analysis shows that it must advance at a speed exceeding the speed
of sound, slae it will at ance change into the other
type, t0 be described next.

When recession of the boundary of the cav-
itated vegion ia caused by conditions ‘n the un-
broken water, the boundary may de called a forced
closing-front, Figure 3. Itz motion {2 essontislly
an impact process, siallar to that shich occurs xhin
a locomotive picks up the slack im 3 long string of
cars. layer after layer of the cuvitated water i
conpressed izpulsively from p, Lo some higher nres~ B3
supe p, and ite component of velocity normal to thw
boundary 13 likewlse changed. It 18 aseumed in the
1dealized theopy, as already stated, that the cavitation dudbles close in-
stantly aa the nlosing-front pauaes over them. If, in reality, they contain
2 kernedl of air or other foreign gud Whilch reguires tiae to redissolve in the
liguid, the process will do modified,

It can be shown that 3 foreed closing-front cannot acve Iaster than
tound, relatively to the undroken 11guid dehind 1t, but exset equations cove
ering 113 motion are difficult to feruulate in the gonera) case. Yhe reason
gan be said to 1lis in diffraction of the waves that sre lucident on the
doundary.

o220

Plgure J - A Porced
Closing-Front

THE ORE-DINSKSIONAL CASE .
The one-discnslonal case, on the other hand, 1s sasily treated in
more detsil,  IF the motlon '3 cunlined o cne dimension, use sy be wade of

- the famililar faet that any cac-dlaensichal disturbante 1 unbroken 1iguid 1a

equivalent to ted superposed 3ralad of plane vavesd teaveling in opgosite di.
fections. Ohe of these two tralns will 311 at noreal incidence uovon e
plane doundaty of Whw cavitated Pegltn, shille the other will & leaving I
centinually as a reflected tealn of waves. S'aple aguitlons can then be
weitten Lo terns of those tralns.

Let p° detole the pressure Ia the incident wave traln, and et v, N
dencte the partlele velocdly 1n fthe cavilaled Meglon, measured positively now
toxard the cavitated side of the boundary. Ther the analysis {2) indicatas
that, if '
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; the boundary remains at : LI ¢ % 1 R AR
[ . . . — H PR R R N
: rest, except, of course, g — 1%0° O I A DRI
c N . o * LA - N . M ‘. ) ..\4‘.“'.. >
as it may move slightly i 1", o~ — s ® ' @it
3 with the particle veloc- - %4> Y .L"“ . i
1ty of the water, The preTe ;""n'. prore e
incident waves are re- viw o * vive o }
— ] ———tpe | ¢
flected as if at a free 0%, s 0 ;
, surface at which the o
: . Figure 4 - A Plane Figure 5 - A Plane Forced 1
pressure 1s always p Stationary Boundary Closing-Front advancing
see Figure 4. This case toward the Right
w11l occur, for example, ' :
whenever the incident waves are waves of tension but are not of sufficlent ‘
strength to cause fresh cavitation, }
If, on the other hand,
. r>%m+mm ‘ 3
the boundary advances toward the cavitated region as a forced closing-front;
see Figure 5, For tho pressure p and the particle velocity v of the unbdroken ‘
N water just behind the front, the latter taken positive toward the side of ;
cavitation, and for V., the speed of advance of the front relative to the
. cavitated water ahead of 1t, the following formulas are obtained (2)
(- g% pewt
\ T p—Pd-zw-..nc—zw [Sl
A ‘ w+nle—
R A P E LIS 1) (6}
w
Ve m¢ Trvte=w) (mn
where
- e gp 20 = p) = (8
p is the density of water and ¢. the speed of sound in it, and 5 is the frace b A
. tlon of space that is occupied by bubbles. RO )
According to Equation (7], V, = ¢ if = 0. The boundaries at }
which n = 0 constitute, however, a singular case which will usually be of -}
momentary duration. ' 3
:‘ ' The most interesting exumple of sucsh a boundary is a breaking-front 1
which has jJust ceased advancing. Usually the advance ceases because V, has 1
sunk to ¢ and would go bolow this value if the front advanced farther; then, .'.v‘
. by Equation (4], n = 0 ot the front. Purthermore, by Equation (3], in which R
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o ™ =V, 9,, =« v, and 1n viev-of the differcnces in the choice of the
positive direction for velocity, as 1llustrated in Pigures 1 and &,
o . '
Ve - 'l‘-_ pc - -
Here p, and v, rvpresent pressure and particle velocity just behind the front,
S0 that p, = p’ + p” where p” 1s the pressure in the reflected wave; whereas
by the usual acoustie equations pee, = p* ~ p=. It follows that

y= % (pe + pev,)

Comparison of this equation with inequalities previcusly written involving p'
shows that the further behavinr of th2 bdboundary will depend upon the subse-
quent course taken by the incident pressure p*. If p° increases as time goes
on, the boundary will at once start back toward the cavitated region as a
forced closing-front; whereas, 1 p° remalns constant or decreases, the

Jounde, 7Y remain stationary, conati‘t.utmg a free sucface.

PINITE GAPS

Cavitation in the nidst of a mass of liguid must ordinarily conaist
of small bubbles which can be assumed, for analytical purposes, to be cone
tinuously distributed. There appear to be only two ways in which large
zpacos or gaps can be formed in a 1iquid by hydrodynamic action not involving
the motion of solida, .

Rotational motion may have the effect of lowering ths pressure to
the breaking-point, 23 in an eddy, and then forming a cavity. Such motion,
however, 18 oxcluded in the preaent discussion,

If the wotion i3 of the irrotational or potential type a gap ean
tora only Af p, < p,, where o wove of tension falls upon the boundary of a
cavituted rogion already formed ord causes the swrface of the unbrokern water
to withdrew, Such a gan will presumbdly take the form of s layer of ecxpecial.
1y large bubbles betwesn the broken ond unbroken water,

Whin cavitation results from the impact of' & wave of tenalon upon
the interface between water and & 30114, its character will depend upen the
relative migattudes of the breaking-pressure for a water«solid and for &
waterswater surface, If the breaking-pressure betueen s011d and water is
higher than that within the water itself, breaking will ocour [irst at the
solid, with the for=atlion of a gup o cavity, Otherwlse continuously distei-
buted cavitation wiil form in the water, a layer of which will de left in
contact with the solid. ¥hat the facts are in the case of explusive presaure
waves Lipinging upon palnted vr corraded stesl is not yet known,
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" The subseguent closing of a gap, provided it does not centatn an
appreciable amount of air or other foreign gas, will result in the usual

" water-hammer effect. If the gap closes against a rigid boundary moving at

- fixed velocity v~, and v’ 1s the partlcle velocity of the advancing water,
the pressure rises instantaneously from p, to p. + pc{v’ = v”). When a gap
closes in the mids: of the water, however, with a difference v' - v” in the
particle velocities on the two sides of the gap, the impact pressure is only
]épc(\" - v"); here the pressure 2t the gap rises instantaneously from p, to
P, + -épc(c° - v"}. The action is,.in fact, the same as if the two misses of
water had impinged simultaneously and from cpposite sides upon a thin solid
sheet moving with the mean velocity of the water or a velocity % {v° 4+ 0°),

it

L T e et b

CAVITATION AND DYXAMICAL SIMILARITY
Cavitaticn in the midst of a liquid differs in ita effect upon re-
lations of similarity from cavitation at ths swface of a solld. t TR
A glance at the differential equations of sound, or at some of the ‘
equations written !n this report, shoas that, in constructing a possible mo-
tion similar to 3 gilven one, 'but on a different scale, it i3 necessary to

. preserve unchanged at corresponding points the values of the two dimension-
less Quantities

' : . FE" 35"

whare p i3 the praessure referred to any chosen datua op zero of pressure,
v 13 the particle velocity,
» s the density, aMd
¢ i3 the speed of sound in the liguld in question, here water,

In a given liquid, with fixed p snd ¢, it follows that both p and the par~

ticle veloclity must de presorved at correspending pointa. The only tranafore

mation that 13 posaivle s thus the simple cne, familiapr in the discunsion of

underxater explosicng, in which all linear dlgenslions and all times are

ehanged 1n the saze unifora patlilo, The occurrenve of cavitation at flaxed

values of p, and p, ulters nothing in this conclusion 50 long us cavities of

uppreciable size ¢ not fore, '

IF lapge zaps cecur, hewever, gravity say play a rele in their

.) nsighhorhood, 7Then, Trom 3uch equatichd 23 a = %yt’ and p e aph, wxhere s 13

the displacenent ir 2ime ¢ or & 33 the statlc head, it is evident that, for :
almtlarity to keld, an additional quantity =usb be preserved. This moy de :
written in varicus foras, auch 23 ge 1%/e% ov
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where L is any convenlent linear dimension. It is clear that L, 1ike v'.
mut be kept constant. Thus, if cavitation within the midst of a liquid is '
accompanied by the formation of cavities of considerable size, no transfor-
aation of similarity 1s possidle at all.

The inclusion of effects of viscosity, on the other hand, requiring

preservation of the quantity

pyvl
]

shere v is the viscosity, is.known to destroy the possibility of similarity,
irrespective of whether cavitation occurs or not.

In experiments such as those on cavitating propellers, transformae
tions of similevrity can be made for two reasons. In the first place, the
comprensibility of *he water dan ba ns glocted, as well as the viscosity ef-
fects, .0 thei only twp quanuncs need to be preserved in value, such as
In the sec¢ rd place, only a single cavitation pressure i{s usually recognized,
aud this can be taken as vthe datum pressure witdch is held ccnstant. The usue
al change of scals then becomes povaible in which all linear dimensions and
als. the excess of pressura at each point over the cavitation pressure are
changed in propertiun %o v,
between two cuvitation peosst ses, 4 dreaking-preasure and a cavity pressure,
tuen the fixed difference betwoen these two would require all pressupe dif-
ferences to be fixed, and consequently similar motions on different linear
scalea could not oueur,

APPLICATION: CAVITATION FEHIND® A PLATE

The sizplast ease o which the analytical theory of cavitation
can be appllied 43 that of plane xaves »f pressure falling at normal incl-
dence upon a uniform plune sheet of solid material, where the sheot 13 30
thin that elastic progugation throu h its thickness need not be junaidered;
soe Figure 6.

VYarious aspests of this case have beer Jiscussed in several reports
(3) (4) (5) {8). If the pressurvy wa' . is of limited length and of suffi-
clently low intensity Lo make [coustic theory applicable, end if water can
sugport the regqulsite tensicn, then it has been shown that the initial for.
wiid s¢celormation of the plate is rolluved by a phaze during which it {s
brought to rest again by the action of tenr‘on in the water, The final die.
placement of the plate i3 equal to tilce the total diaplacement of a pirticls

® o U 5140 arted en by 1hs eplesion.

If, hawever, it bocame necessary to distinguisi
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of water due to the incident wave, or the same as the dispiacement of the
water surface when the plate is absent, ' - .

The effect of cavitation, on the other hand, will vary somewhat,
according to the point at which it ococurs. There are two possibilities:

1. The plate may break loose from the water, or

2. cavitation may occur first in the water itaself.

1.  The plate may break.locse from the water; see Pigure 7.

The pressure at which this octurs may be either the cavity pressure
p, or some lower pressure p,'. In elther case, the surface of the 1liquid
then bcoomes a free surface at which the pressure is constant and equal to
P., and the remainder of the incident wave is reflacted from this free sur
face, The plate, meantime, will continue moving forvard until it 1s arrest-
ed by other forces. The pressure p,, atmospheric or otherwise, acting on

R ——

Plgure § - Diagram representing Plane
¥aves of Pressure p in Nater
falling upon a large Thin Plah

This plate 1o hacked by ges At the presswre »,.
4 reflectad wave sl presiure 3" travels

: Y/

Woter

%

»—— t —
7

Plgure 7 - Diagram 11lustrating the
Case In which Cavitation occurs
st & Thin Plate

Here tiw cavitation takes the forw of & deflaite
cavity In whlch the pressure 18 p,.

beck {nto Lhe water.

the opposite face of the plate, may be ascumed to exceed the pressure p, in
the cavity behind it; the difference, , - p . will suffice eventually to are
rost the mation of the plate and to cause its returmn to contact with- the wa.
ter. Thoro may also be other forces of elastic or plastiec origin. It may
happen, however, s sugsested by Professor G.1. Toylor (5), that apray proe
Jeeted from the water surface will tend for a time to support the outuard
motion of the plate. When the returning plate strikes the water, an impact
wave of prossure will be produced in the water as the plate comes exponen-
tially to rest.

1f the incldent wave is of exsohential form, expliecit formulas are
easily odtalned. This case is dlacussed at length by Taylor (5), dut & few
details may be given here,
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The equation of motion for the plate is il
’ .
miF=ptrr .19
where p is the excess of pressure in the incident wave above the hydrostatie

pressure p,, which is 2ssumed to be the same on both sides of the

plate,
p" 1s the excess of pressure over p, in the reflected wave,
m 1s the mass of the plate per unit area, -
z is the positional coordinate of the plate in a direction perpcndléu-
lar to its surface, and .
t 1s the time, .

Elimination of p~ glves .

1 ' .
m:—‘f-*-pc%—:--zp o)

where p 1s the density of water and ¢ i3 the speed of sound in it.  Compare
here Equatlons {9} and {10) on page 2 of TMB Report 480 (&),

The solution of Equation [10] for p= 0 s '

%—:— - u.c-‘:'-' [\l]‘

¥ith a suitsble cholce of the constant w,, this solutlon i1l vepresent the
motlon of the plate after returning to contact with the water if t represcnts
the tize measured from the instant of contact and u, 13 the velocity of the
plate at that instant.

To pepresent the impact of the pressure vave, we set p = 0 for
t less than O and, for t greater than 0,

p = pit) = pe™ (12}

in terns of two constants p, und a. It 1s assuzed that the displacement of
the plate during the effective time of uction of the save is negligidly smil,
The solution of Equation [10) that represents the plate as starting from rest
at 2 = 0 and ¢ = 0 i3 thon easily verified to be

dz 2p, - -2t

e it - ®) hl
see TIO Report 450, page 25.

The corresponding total pressunre on the plate above hydroatatie s,

from Equations (9] and [V)),

4 2 - .
p#y’---‘-ﬁ-;;wfﬁ&-;(pn'-cul“) {&)
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If the simple assumption 1s now wadle that cavitation occurs at the
surface of the plate ac =oon ar the pressare sinks to a certain value P
the time at which it occurs can be found My gmtting p+ p“ = p° - p, In
Fquation [14] and solving for t. The corvespending value of dz/dt as ob-
tained from Equation [13] is then the welselty with which the plate leaves
the water. )
For the special case in which p.° = p, = p,, this velocity is also
the maximum velocity acquired by the plate amd haz the value
dsz 3 '
8 = I (1s)

dtf = Vo=

where .
-2 (16)

as given on page 7 of TMB Report 489 (6). me formula for v, can also be
written .

' 2
Ve =k B8, g™ L)

:: where k 13 a dimenslonless number and p,/pe represents the particle velocity
e 3ssociated with the miximum pressure in the fmeident wave, A plot of &
. against ¢ is shosn in Pigure 8.
v If p,° i3 less than p,, the plate 1s slowed down somevhat by the
3 . acticn Of the pressure p, on its opposite fage, assisted perhaps by tension
in the water, 230 that 1% leaves the water afith 3 velocity loaa than v, .
The initial velocities of dlaphragms scted on by explosive preasure
waves 38 moasured at the David V. Taylor Bodel Basin have always been loss
X thaiy the calculated v,,, but never less t2am half as great., Details will be
y reported elsoxhere, .
: 2. Cavitation my ocowr °
* L1rst 1n the water itself; sce (T e A 1
Figure 9. . ’/JL -
- Consideration of this !
S ; €282 18 new. If a fixed breaking- !
pressure p, 1s assumed, the point 1 = aad.
at shich cavitation starts say de i
g D found by examining the resultant erE Rt R
" presoure distribution An the vater  pigyy 8 . plot of the Coeffictent k
near the plate., The reflected in Equation [17)
8 preasure p*(t) at the plate itself ""”';“‘:",':‘:‘m':‘:m““““
. 1s, froa Equations {12} and [N}, o Use sane seale.
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80 long as cavitation does not occur,

pet

p"’(t) -'7:-,-—0; [2”07_" —{pec +am) c"'] . (18]

Let = repreosent a distance from the plate, measured positively in the dlrec-
tion of propagation of the incident wave. Then Lhe pressure at any point be-
hind the plate, within the distance to which the reflected wave has traveled,
will be ’

p=a(t-2)er(ieg)- ’
,o[’--("%) + ”z_g:' 0 I ’g:t:: .--CH-})] (19

Cavitation will begin where p as given by this equation first sinks
to the hreaking-pressure p,. From this point a breaking-front will advance
tovard the plate, perhaps all the way up to 1it, »hile another one travels
back into the water. The latter front travels forever, in the present case,

provided p, is leas than 0, but the cavi-
%/A - tation behind it soon becomes negligible.
4 ,,,4’.:.., This 1s because the incident wave coon be-
4////

14
ez ’//1:“' comes lnappreclable, and the receding
° = v’,' " bresking-front soon becomes indistingulsh-
%////20' oy able from that pasticulay reflected wave

R at which p° = p, - p, and travels with this

vave at the speed of sound. Fqustion (8]

A then gives 3y « 0 dehind the front.
9180{‘;09‘:;52322!‘::‘:*\\1&){:ﬂ‘1"8 The particle velocity v, shead
Cavitation occurs in the Vater  Of the front becomes that of the roflected
vave or »,, = - (p, = p,)/pe; hence by
Bquation (3], in shich V, « ¢ and the signs of v,, and v,, must be changed to
allovw for the difference in the direction chosen for a positive velceity, the
particle velocity behind the front 1s - (p, « p,)/pe. Thus the part of the
veflected wave from 2p, to p, travels on, with a discontinuity at its penr
face, leaving the pressure uniformly equal to p, and the veloeity uniforaly
equal Lo - {p - 2, )/ve behing 1t. Only » llatted reglon of cavitation is
foreed near the plate.
The process dy which the plate, after delng returned by other

forces such as alr prescure, destroys the cavitatiocn again, can be followed
by numerical integration in any particular cass thit say arise.
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) EFPECT OF CAVITATION OX FRESSIRE
¢ The acticn of an exponen-
- tial wave upon a plate is 1llus.
) trated in Figures 10 and 11, which
are drawn toc represent very rough-
1y the action of the shock wave
from 300 pounds of TNT upon a plate
of steel 1 inch thick, or from }
ounce of TNT upon a plate VAT inch

:

Prassure 18 peunds por squere ingh
- n
4 m
e

L Pressure on the Plate

?,'

\qneiq .

Tt :’L‘:Il. x

Ny T I
T~

thick. 0002 04 o€ o8 10 1F 4 1s AR
B pism 10 shous the ex- Time 1 milliseconds W
Pigure 10 - Pressure on s Plate, in the N
cess pregsure on the plate itself, Absence of Cavitation, plotied N
R above hydrostatic pressure, plottad on a Time Base : o '
) ' N BN
woo , | | B
. “ .
: ‘ ’ £ RO N
° ¥ § N RSN
= A | I
WA AN
— JO B WRVPF T ) 1 ] R .
\ 1 ! aprist = 1\ \\000 g !‘é’?‘t"“.‘" s
L N CLNL ) 8
Tt =1== 1 \at 1L e a B B SEARACA
- °'i : Y R e P el
- i W e 1000 2 AN
N WU, e e
L . . Coa e e e
S T a e N 2 S N N N R e i"‘““"‘“‘*““
Distance team Plote o fend ,:‘-j‘r*‘-,f!w*zw
Mgure 11 - Distridutions of Fressure bshind a Plate at Successive }::'{: {:x’}.:';
Instants of Time, im the Absence of Cavitation O \
The Lacideat uave appreacios fren the dofh, baes dlstance'frem the plate 16 plotiet la thet direetio. RN OOAC
..\.. ":_«: -..‘. A
;o. l"‘\\ l. n, .;.. l:,
on a basis of time, The time scale 38 labeled to correspond to 300 pounds of . - . g
TNT; for 1 ounce the tixss would % VA7 as great, One curve shows the inel- e
dent pressure, or the pressure that would exiat in the water st the lccation , {..-‘..;-js\.",
of the plate if the plate were sbsent, a8 given by Equation {12]. The other : ;:L:‘-"
, curve shows the sctusl pressure om the plate, as glven by Equation [14]. o R
’ This may be thought of as mads up of the intident pressure p togetlier with a
cxzponent of pressure p- due to a reflected wave that travels back into the
sater,
i !
e 48
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Pigure 11 - Distridutions of Pressure behind a Plate at Successive
Instants of Time, in the Absence of Cavitation

Figure 11, on the other hand, shows the instantaneous distridution
of pressure in the water adjacent to tha plate, plotted against the distance
frcm the plate. The distances shown in the figure correspond to 300 pounds
of TNT; for ¥ cunce they would be 1/17 as great. The curves are calculated
by ‘Equation {19]) shere ¢ + z/¢ is positive, and by Equation {12] eldeshere,
Curve A shows the diatridbution of pressure at the inatant at xhich the pres-
sure wave first yeaches the plate (i = 0), Curve B shows the distribution
0.2 millizccond later (8 = 4,0002); at this time the reflected wave has ad-
vanccd 1 foot from the plate. Curves C, D, E, P refer similarly to times
about 0.4, 0.8, 1.6, 2.4 milllseconds after the arrival of the incident wave,
Curve P serves also to represent the final form of the reflested wave; the
incident wave has dy this time conpletely disappearsd.

wiy that depunds upon the luws governing the cavitation,

Cavitation zay ocour el the plate, It sy ocour a3 scon ss the
pressure sinks to the hydrostatic pressure p i this will be at the instant
parked ¢, in Plgure Y0, In this case the plate leaves the vater with & ve-
lceity equal to v, 2s glven by Equation (17], and the curve for the pres-
sure on the plate in Pigure 10 colncides with the axis of zero pressurs from
the time ¢, onwards. An alternative possibility, however, 1s that cavitution
£ay not begin until a lower pressure p.° 18 reiched, ot later time such as
that warked t, in Pigure 10. In this case the plate leaves the uater at the
time ¢, with a velocity less than v, . The pressurs on the plate after ¢y
w111 then be the constant cavity pressure p,. 1If p, = p,°, the curve ¥ild
axtend horigontally from the point ¢,, as shown by the lower of the broken

.
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These flgures will be modified by the occurrence of cavitation ina
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N lines, instead of contlnuing doimard. If, on the other hand, p, 1s greater o
than p,*, the pressure on the plate will rise suddenly to the walue 3 at ; )_ 8
the instant ¢, and will then remain conatant, as illustrated by the upper of B R

. a the two broken lines in Pigure 10. o 1y

' The distributions of pressure in the water, as plotted in Figure 11, : C

%111 be modified in ways to correspond. The part of the reflected wave that '
is reflected from the water surface after the occurrence of cavitation will H EERRN
be modified 30 as to contain higher pressures, since the pressure at the wa- N EERTERANIENEL NN
ter surface 1s higher than it xould have been 1f the water had contimued in i RS
contact with the plate. In Pigure 11, on each of the later curves there will L R

be a point representing the instantaneous position of that part of the re-
flected wave which was reflected just as cavitation began; such a point is '
indicated by a on Curve E. The pressure to the right of this point contains "
a component that was reflected from the free water surface instead of from ‘ :
the plate and hence will lie scmewhat higher than it would in the absence of
cavitation, as ia suggested in Pigure 11 dy the broken line sb,

AS on alternative, cavitation might begim in the water itself. In
such a case the analysis given in foregoing soctions beconos applicable. !
Cavitation will start at a definite positlon as well as at a definite time.
It might begin, for example, at @ in Pigure 1}; this point would then repre-
sont the position cf that plane in the water, parallel to the plate, at which {
the pressure first sinks to the breaking-pressure p..

* Prom this initial plane, s plane breaking-front will advance a
) * short distance toward the plate, while snother one will follow the reflected
wave tovard the left, moving a 1ittle more rapldly than this vwave 8o a8 al-
vays to be in the pusition at which the total pressure equals p,. Successive
positions of the latter breaking-front sre indicated in Plgure 1% dy Q°, Q°,
Q~ . Behind this frout, or on the right in the figure, liea the cavitated
reglon, in which tha pressure equals the covity pressure »,. The boundary of
this reglon on the 2ide touard the plate is not shown in Plgure 11, since its
position can cnly de inferred from a more detalled study of the wmotion of the
water rear the plate. The unifora pressurs p, behind the dreaking-front, on
the assuzption that p, s greater than p,, 1s illustrated for a certailn ine
stant of time by thw broken line behind Q™. Thus, the part of Curve ¥ to
the left of Q™, up to 12 feet from the plate, represents the part of the re-
flected wave that got past Q before cavitution began, diminished scaeuhat
through belng partially overtaken by the dreaking-front which moves at first
st supersonie velocity. The remainder of Curve P 13 replaced dy the uniform
pressute in the cavitated teglon or near the plate by an undeternined modi-
fied pressure.
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Pigure 12 « Growth of a Dome and Plunes fron an Underwater Explosion
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More complete figurea are scarcely worth constructing until an-
actual lmown case presenta itself for analysia.

3 CAVITATION. UNDER THE SURPACE OF THE SEA
) When a charge i3 exploded at a suitable depth in the oce ir, 2 dome
of white-appearing water is seen to rise somewhat abave the surface, breaking
after a moment into plumes of spray. The eight frames froa a motion picture
film, Pigure 12, illustrate this phenomenon. The plumes are supposed to be
assoclated with the eacape of the explosion gases. The dome, however, has
been ascribed to the occurrence of cavitation; a layer of vater at the sur-
face and just under 1t, after being kicked upward by the preasure wave, fails
to be Jerked to reat again by the action of a reflected wave of equal tens
sion and continuea rising until stopped by gravity and air pressurs. This
explanation will be considered driefly on the dasls of the foregolng analysis.
1t 18 necesaary first to fix upon the value to de assumed for the
breaking-pressure p,. Hilllar (7) found that the dowe vas absent whenever,
according %o his measureasents, tha maximum pressure reaching the surface was
under 0.3 ton or 670 pounds per aquare inch, and concluded that p, was roughe
1y of this magnitude, It :111 be assumed, therefore, f{or the acmént, that
#, = -600 pounds per square inch.
To aclect a apecific case
for study, suppose that a charge of 0
300 pounds of TNT s detonated 50 .
feet below the surface., Then the
préssure wave should be reflected
from the aurface a8 & wave of equal
tension, diverging {roa the mirvor
imsge of the charge in the surfate
and decrvasing in intensily as it
progresses.  Using Hilllarts data,
it 13 easy to map cut the lens- t-
shaped volune within shich the 100
pretsure il sink sbeentsrlly
at least to 600 pounds per square
inch A there were wo cavilatlion,
. ™HIs volume 18 outllned roughly by the lower curve in Plgure VY.
ib Application of the criterivh odtalned from the analysis for the
ptopagation of a2 breaking-front indlcates, on the contiacy, that cavitation
would In realily be confined to 3 such saaller cegion, shich 1s shaded In
Figure 1Y, To locate thls region, It 1s necessary to estisste the cugnituces
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Flgure 13 « Dlagean of Neglon of Reduced
Preasure following fefiection of @
fressure Vave from tne Surface
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of the incident and reflected waves as they become superposed upon each other
at various points and at various times. The pressure in each wave 13 assumed
to decrease in inverse proportion to the distance from its point of orizin,
real or assumed; and allowance must be made for the time of mpagatiaa. It
18 unnscessary to give details of the rather tedious calculations, which were
carried out only roughly.

By trial, it 1a found that the total pressure should first reach
the value of -600 pounds per square inch at a point situated directly over
the charge and about 1 foot under the surface. Cavitation will begin a2t thia
point, aceording to the assumption zade here, and from this point a closed
breaking-front will sweep cut, moving at supersonic velocity. The upper alde
of this front must obviously halt almost at once, for a tension of 600 pounds
per aquare inch cannot oscur close to the surface; dut the lower side may de-
acend to e consideradble depth. )

In Figure 14 are ahown the estimated dlstridutions of pressure
along a vertical line through the charge at two different times, distin-
guished by the nuebers ) and 2, Heuvy curves are drawn to represent the ac-
tual pressures; lizht curves above e axia represent the component prestures
due to the incident wave, thoss below the axis the ccaponenty dus to the re-
flected vave, :

N a

Pigure 18 - Dlagram 1llustrating the Distritution of Iressure below:
the Surface of the Sed, 88 explained ia the Teat
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At the instant 1, a small part of the incident wave has already
been pdnverted at the surface into the reflected wave, shown by the light
curwe abe; the rerainder of the incident wave 1s represented by the curve
‘def. Tcgether thes-'two scmponents make up the total pressure represented
by the heavy curve 1111. Cavitation 1s Just beglnning at Q, where the pres-
sure has sunk to ~(Y0 pounds per square inch.

Frem this time cnword, the curve of total pressure is clipped off
at -600 pounds per square inch by the breaking-front, Hence, at the time 2,
for example the curve has its minlmum at -600 at B, and to the right of this
point, or toward the surface, lles a cavitated region, in which the pressure
has the small unegative value p,. Just under the surface, however, in un-
broken wa' ., larger megative pressures will probably oecur. The distribu.
tion cf vressure at this Instant will thus be as shown by the heavy curve 222.

The breaking-frunt will finally cease advancing when V, as given by
Tquation [2] besomed equal tc e. In applying this ceriterion, it is more econ-

renient to transform Equation [2) by substituting, from the theory of sound

waves,
dv,  Bv Jv, 1 9
. *a—;-+—a-;!+~é—;n-;;?~é-{

The actuel formula employed in making the rough estimate was Equation [U6) in
Reference {2). Using the author's provisional estimate of the later part of
the pressure cuxve, as represented on page 15 of Reference (6), it was cone
cluded in the manner just described that cavitation might ultimately extend
throughout a volume such as that shaded in Pigure il, or to a hor{zontal
radius of nearly 100 feet, but only to a maximum denth in the center of 10
feet,

After the boundary of the cavitated region has ceased advancing as
a breaking-front, it will undoubtedly begin to recede as a closing-front. No
attempt has been made to follow this process, however, since 1t scoms to be
possible to {nfcr the gross features of the subsequent motion of the water
from more gerneral oonslierations.

The particle velocity Just dehind the front may be estimated fyom
Equation {3]. Just cbove the top of the cavitated layer, v, , representing
the resultant particle velocity due to incident and reflected waves, adds
nurerically to the last term in Equation {3] ond gives a total upward par.
ticle velocity v, in the cavitated layer of about 49 fect per second. The
simultaneous value at the surface 1a Luice that in the incident wave or per.
haps 34 feet per second, Where the descending part of the front halts, howe
ever, the positive directicn for e, 1s downvard, whereas the actual particle
valocity is due almost entirely to the reflected wave and 1s upvward. Thus
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v,, 1s here nearly equal to p./pc. 80 that 'v" Just about cancels the last
term in Equaticn [3] and »,, 1s small. It may safely be inferred that the °
particle velocity in the cavitated region will grade from a small value at
the bottom to about 40 feet pur second at the top. *-

The whole cavitaied layer, 9 feet thick, should there!'ore rise,
carfying a thin uncavitated sheet on {op of it. This “solid" shiet will in-
crease in thickness as its lower boundary travals downward in the form of a
forced closing-front. The numerical values cited indicate that the center e
of gravity of the upper 10 feet of water will start upward with a velocity ) T '
of perhaps 25 feet per second; and there should be a downward acceleration of LT
g due to gravity and of {34/10)g due to alr pressure on the top, or a total . ':.‘~_ e
of 4.4 g. The center of gravity should rise, therefore, not over s« = v¥/2g = R
257/8.8 x 32 = 2.2 feet, during a time »v/Mg or 0.2 second. Tne surface of

S UV e R P A s e g ———————
—

the water will rise higher but certainly not more than twice as high or, at etamt i
the utmost, 5 faat. . e
) Now this plcture as inferred from the snaljcis 3ppears not i3 cgres ESASRRANS
too w21l with the facts. Hilllar's observations indicate that, in the csse ST e
conaidered, the doxe would certainly be less than 60 feet in radius but would e
rise in 2 second or 80 to a heaght of 15 or 20 feet. The anslytical estimate
would be changed conslderadbly if a different breaking-pressure were assumed, i - »,'

op {f more recent values for the in~ident pressure were employed, but a large
disagreement with obzervation would remain, The large rise that is actually
observed could be explained only by supposing that the disintegration of the
water extends up to whe surface end serves to admit atmospheric pressurs to
the interior. <Cavitation up to the surface might result from the initial
prosence of alr bubbles in the upper few feet of water, which would offece
tively ralse p,, perhaps ur to p,. The vhiteness cbaerved in all explosions

of this kind does, in fact, ¢xtend to the very cdge of the dome in the photo. e e
graphs, see Pigures 12 and 15. It 1s not easy to belleve, however, that air R
can mix sufficlertly rupldly with the cavitated water to relieve the vacuus ) .
effectively. . o T
The loggedness of the edge of the dome, 30 clearly revealed by the ) . -
photographs, suggests a aodified hypothesis. Perhaps the general exss of .
woter really does rise only & few feet, as the analysis suggests, and what K
13 scen 0¢ a white done of consideradble height 1a only an uzbrella of spray [ .
thrown up froa the surface, N
e origin of the sproy itself 1s perhaps to be found in an insta. - kY B " .
DIy of the surface under ltpulelve pressure. The presaure gradient 1 NIRRT
. cquivalent to a wceentaly indrease of gravity by & factor of 100 to (0O, -“:':.' l-:ﬁ;::'
Pollowed By & reversal to similar values, 1If there are any smll waves on RO
RS
). .9
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Pigure 15 - The Toze, 53 feet high, raized by a Charge of 1500 pounds
of Amatol, detonated O4 feat velow the Surface

Tz shtegraph te from Hillar, Raference (7), Figure 62,

.

t
the surface, the lesser zaas of waler under the trcoughs will be accelerated

more violently than the greater mass under the crests, hut the difference in
the accelerations wlll be greater during the pressure phose than during the
subsequent tension phase because the initial differential motion tends'to
smooth out the waves or even to reverse them. The initial troughs should
thus tend to be thrcwn up as spray.

An indirect nethod of determininy whether or not cavitation occurs
under the surface is by studying the reflected wave of tension itsell, In
the asdsence of cavitatlon, this should be a reverazed replica of the incident
wave, reduced someshat by the greater distance of travel. If, however, cave
itaticn ccours, cnly the very short initial port of the tension wave as pro-
duced at the surfsce, containing the rapid drop to the breuking-pressure Pye
¥ill centinve trareling below the level at which the breaking-frent halts.
It 15 readily seen that the lower bdoundery of the cavitated regilon should
atand still therealter a8 a atationary boundary, as deseribed on page 5.
Por, as noted on p3ge 8, 2p° = p, + pev, when the bdreaking-frant halts, where
p° 18 the positive preszure in the incident wave, and thereafter 2p' < P, * pes,
a8 p' decreases, 30 that the condition foo a stationary boundary us stated
<h page 7 18 met. ‘he tall of the lneiiont wave will be reflected from this
boundary as & tension sive in shich the pressure !s y"’- p, - p'v Thus the
total reflected wive 23 it occurs below the regicn of cavitation will dbe
qualitatively a3 skelehed at C in Pigure 14,

This conclusion {8 in general hsrmony with & series of piexoelco-
tric observations reported in 1924 (8). Only relatively amall tensiont were
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found. Presumably an initial jab of high t.ens'iop such as ce in Figure 14
would have little effect on the'.gage. The observed tensions would represent, |
therefore, merely the reflection of the talil of the incident wave from the ’
bottom of the cavitated region, as is stated in the report. )

The value of the breaking pressure may be inferred most easily from
the minimum depth at which the reflected tension appears in full strength,
indicating no cavitation. One of the observations mentioned points toward a
relatively high value of p,. A charge of 2 1/% pounds of guncotton 60 feet
below the surface gave a maximum pressure of 910 pounds per square inch on a
gage placed 15 feet away and on the same level., Without cavitation, there-
fore, the maximum reflected tension should be about 910 x 15/120 = 115 pounds;
but only 15 pounds was cbserved. Yet the maximum pressure at the surface
wutld be only 910 x 15/60 = 230 pounds per square inch. If the gage was cap-
able of measuring tensions effectively, the conclusion i3 justified that in
this case the water mest have cavitated at a tension scarcely exceeding 200
pounds, .
It must be recognized, however, that cavitatiun at the gage might
alter the conclusions materially. If cavitation over the gage occurs at
higher pressures than it does in the water itself, then the tenstons indi.
cated by the gage set only a lower limit to the maognitude of the tension oo«

curring 4n the water itself. The piozoelectric cbservations would be
consistent with the assumption that no cavitation at all occura in the midst
of the sea,
A few remarks may be added concerning the similarity laws for sur-

fsce phenomena. On page 9 it has been seen that the change to model scale,
as it is commonly made in dealing with undervater explosjons, is possible
oniy vo long as gravity effests can be neglected. In this change all linear
dimensions and all times are changed in one and the same ratio; the pressures
and velocities at corresponding points remain unchanged. It follows that the
effects of alr pressure upon surface phenomena will be relatively the same
upon all scales. Insofar as these phenomena ave influenced by gravity, how.
ever, similar motions on different scales are imposaible. Similar motions
would be posaidle only if the atrength of gravity were changed in inverss
ratio to the linear dimensiona, 30 as to proeserve the value of the quantity
9l/v! or, since v? {8 unchanged, of gL itself; L 1s here any convenient
lincar dimension and v 18 the particle velocity. Small-zcale phenoména thus
correspond to large-scale ones ocourring in a proportionatuly weaker gravi-
tational field.

. This conclusion 1s surprising, for it sppears to mean that spray
should be thrown to the same height hy charges of all sizes. This would be
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in conflict with the suggestion that the dome over large charges may conais-t}
chiefly of spray, for a charge of an ounce throws spray to & height of a few
feet at most. The explanation of the difference may possibly lie in an in.

b fluence of surface tension upon spray formatichh. Since the pressure under a
eurved surface is p = 2T/r in terms of the surface tensfon T and the radius
r, the relative effect of surface tension, vhen the pressures are unchanged,
will be the same only if T is changed in the ratio of the linear dimensions.
Thus surface tension, being actually constant, will have a much larger effect
upon small-scale than upon lsrge-scale phenomena.

On the other hand, as we havp seen, a dome of supernciany solid
water is limited chiefly by air pressure, hence it should follow the usual
linear scale. The absence of a noticeable dome over small charges is thus
consistent with the estimate of possible dome heights as made in the forego-
Ing, and in turn constitutes evidence against the supposition that the dome
over large charges consists largely of moderately disintegrated water.

It must be recognized, however, that other causes are possible for
the difference in the surface phenomena on large and small scales. For one
reason or another, cavitation might occur more easily in the salt water of
the sea than in the fresh water in the laboratory. Or it might de that watcr

B cun ‘stand higher tension for the shorter times involved in the action of

sm3ller sharges. More svidence on these points 13 needed.
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